Abstract: Effects of reaction time and temperature on the isomerization and dehydrobromination reactions of brominated butyl rubber were investigated. The structural composition of brominated butyl rubber was determined by Fourier transform infrared spectroscopy (FT-IR) and proton nuclear magnetic resonance spectroscopy( 1 H-NMR). Density functional theory (DFT) was used to study on the isomerization and dehydrobromination mechanisms of model compounds. The geometries for model compounds of 3-bromo-5,5,7,7-tetramethyl-2(2′,2′,4′,4′-tetramethyl)pentyl-1-octylene (3BrOE), 1-bromo-5,5,7,7-tetramethyl-2(2′,2′,4′,4′-tetramethyl)pentyl-2-octylene (1Br2OE) and 5,5,7,7-tetramethyl-2(2′,2′, 4′,4′-tetramethyl)pentyl-1,3-octadiene (CD) had been optimized by using density functional theory at B3LYP/3-21G and B3LYP/6-31G levels. The predicted energy of 3BrOE lies higher than that of 1Br2OE which suggests that 1Br2OE configuration is more stable than the 3BrOE configuration. Compared with the energy barrier, the pathway of dehydrobromination is less competitive than that of isomerization. This is qualitatively consistent with the experimental results.
Introduction
It has been reported that brominated butyl rubbers are manufactured by adding molecular bromine to a solution of butyl rubber in a hydrocarbon solvent. [1] [2] [3] Accurate knowledge of the amount and types of unsaturation is important, where the major bromine-containing isomers vary significantly in the reactivity. Generally, the main structural formular for brominated butyl rubber is typically represented as structure I.
In this structure, the double bond is external relative to the backbone of the polymer; The bromine atom is in a secondary allylic position. Gardner 4 disclosed another structural configuration for the brominated butyl rubber which is represented as structure II. In this structure, the Br atom is in a primary allylic position.
Ⅰ Ⅱ
About the mechanism on halogenation of butyl rubber model compounds, Vukov 5 had suggested the classical electrophilic substitution mechanism in 1984. He has pointed out that the formation of the secondary allylic bromide configuration (structure I) partly results from the steric hindrance imposed by methyl group in the reaction of solution of butyl rubber with molecular bromine. Subsequently, some literatures reported that the structure I could be rearranged to II (I→ II) or dissociated into HBr and conjugated diene (I→HBr+ conjugated diene), when heated to 150 ℃ or above. 6, 7 In spite of the previous theoretical and experimental efforts
for the reactions of F or Cl with unsaturated hydrocarbons, [8] [9] [10] the kinetics and mechanisms of isomerization or dehydrobromination reactions in preparing brominated butyl rubber has not been investigated in detail in all previous experiments, and no report is found about the theoretical study on the title reaction. The objective of the present article is to investigate mechanisms of rearrangement and dehydrobromination reactions by quantum chemistry computation and laboratorial investigation. The theoretical study was based on density functional theory, a methodology that allowed for prediction of reaction mechanism. 11, 12 Due to the complexity of the brominated butyl rubber phase, the construction of the initial model was based on the brominated isoprene unit of the backbone of polymer. The model compounds (3Br1OE: 3-Br-5,5,7,7-tetramethyl-2(2′,2′,4′,4′-tetramethyl)pentyl-1-octylene and 1Br2OE:1-Br-5,5,7,7-tetramethyl-2(2′,2′,4′,4′-tetramethyl)pentyl-2-octylene) which is structurally similar to structure I and II are selected to investigate some properties.
Experimental
Materials. Butyl rubber (unsaturation 1.8%, Bayer Chemical Co.) was chipped into pieces before dissolved in hexane. Natural bond orbital (NBO) analysis was carried out at the B3LYP/3-21G level. Throughout the whole Letter, bond lengths were given in Å.
Results and Discussion
Theoretical Calculation. We present the structure of the reactant, structure I and the product, structure II. The optimized geometries of model compounds (3Br1OE:3- Br-5,5,7,7-tetramethyl-2(2′,2′,4′,4′-tetramethyl)pentyl-1-octylene) and (1Br2OE:1-Br-5,5,7,7-tetramethyl-2(2′, 2′,4′,4′-tetramethyl)pentyl-2-octylene), and the transition state (TS) between them were shown in Figure 1 respectively, along with the Wiberg bond indices (WBI) of bonding atoms and the natural charges, computed with density functional theory (DFT) at the B3LYP/3-21G and B3LYP/6-31G level. The mechanism of the dehydrohalogenation was discussed previously and the optimized geometry of the transition state (TS di ) and conjugated diene configuration were shown in Figure 2 . The calculated total energy and zero-point vibrational energies of model compounds (3Br1OE and 1Br2OE), and TS, TS di were depicted in Table 1 . The relative energies of isomers were listed in Table 2 . By means of the interrelation among the reactants, transition states, and products as the corresponding relative energies, the schematic profiles of the energy barriers in isomerization and dehydrohalogenation reactions are depicted as shown in Figure 3 .
Isomerization. From the relative energies of different species listed in Table 2 it can be seen that the 1Br2OE configuration is more stable than the 3Br1OE configuration We further noted that Br … C1 and Br…C3 distances of 3.013 Å and 2.969 Å, which were longer than corresponding Br-C3 bond in 3Br1OE and Br-C1 bond in 1Br2OE, respecttively. So, the Br atom transferred was closer to the C1 atom. Moreover, the C1-C2 and C2-C3 bond lengths in transition state (TS) structure were similar and between The bond angles and the dihedral angles on the main Br-isoprene units change largely in the interconversion of 3Br1OE into 1Br2OE. According to the present mechanism, the forward energy barrier of isomerization from 3Br1OE
to 1Br2OE is about 45.5 and 36.3 kcal/mol at B3LYP/3-21G and B3LYP/6-31 G levels, and the reverse energy barrier is about 52.3 and 45 kcal/mol, which means that this isomerization reaction is easy to proceed at or above room temperature, and when the temperature increased, the lower energetically 1Br2OE species can be obtained mostly. Therefore, thermodynamic considerations may rule out the significance of pathway from 3Br1OE to 1Br2OE.
Dehydrobromination. The other important reaction pathway was the dehydrobromination via overcoming the transition state leading to conjugated 5,5,7,7-tetramethyl-2(2′,2′,4′,4′-tetramethyl) pentyl-1,3-octadiene and HBr products. Figure   2 show the optimized geometry of the transition state (TS di ) obtained for this process: C3-Br and C4-H bonds being elongated; the charged small negative Br being approached to the adjacent charged positive H atom, with the distance of H-Br attains 2.119, 2.123 Å. TS di transition state also has been characterized by the high imaginary frequency (605.8i cm -1 and 485.4i cm -1 at B3LYP/3-1G and B3LYP/6-21G level, respectively).
As shown in Figure 3 , the energy barrier (33.5, 25.8 kcal/ mol) of pathway from 3Br1OE to diene and HBr was higher than these in pathway from diene and HBr to 3Br1OE (18.4, 14.3 kal/mol). So, pathway from 3Br1OE to conjugated diene (CD)+HBr should be less competitive than pathway from diene+HBr to 3Br1OE. Thus, compared with the isomerization reaction from 3Br1OE to 1Br2OE, the dehydrobromination of 3Br1OE should not be domination channel.
Temperature Effect. The chemical shift assignment of brominated butyl rubber is illustrated in Figure 4 . Peak at 4.34 ppm is attributed to the proton on brominated carbon in structure I. While, peaks at 4.08 and 4.04 ppm are assigned to the protons on brominated carbon in structure II. According to the relative peak area ratios, the isomerization can be monitored. Comparing the ratio of 5/95 for II/I, peaks at 4.08 and 4.04 ppm became considerably sharper at the ratio of 48/52 for II/I. It was important to note that the content of conjugated diene (CD) structures (peak at 6.03 ppm) was very small and was close to negligible; this indicated the dehydrobromination reaction was not the domination channel.
This was also in good agreement with our theory calculations.
The results of reaction time effect on ratio of II to I and bromine content of brominated butyl rubber were listed in Table 3 . It was evident that the weight percent of combined bromine and the ratio of II to I increase with prolonging reaction time. At this temperature, combined bromine increased up to 2.2 wt% after 10 min. The longer the contact time, the more fractions of bromine are present in the structure II. Temperature dependence of the ratio of II to I and bromine content was also illustrated by Table 4 .
Upon increasing the temperature from 35 to 85 ℃, the ratio of II to I and the weight percent of combined bromine also increased. The experiments described above demonstrated that prolonging reaction time or increasing temperature could accelerate isomerization from I to II.
Conclusions
Prolonging reaction time or increasing temperature can accelerate isomerization of brominated butyl rubber from structure I to structure II. The mechanisms of isomerization and dehydrobromination reaction have been studied theoretically by means of density functional theory. The energy of the optimized 3Br1OE (model of structureⅠ) lies higher than that of 1Br2OE (model of structureⅡ) which confirmed 1Br2OE configuration was more stable than the 3Br1OE configuration. The transition state (TS) between 3Br1OE and 1Br2OE configurations, and TS di for 3Br1OE dissociated into conjugated diene+HBr has been successfully found. The activation energies (Ea) of isomerization and dissociation have been calculated. Compared with the energy barrier of dehydrobromination reaction, the isomerization was dominant channel.
